Saturation flow is one of the fundamental parameter that is used to define the level of service, to assign signal timings and other traffic operations. In the conventional approaches (Highway Capacity Manual, Canadian Capacity Guide etc.) base value is adjusted by the parameters that represent field and traffic conditions. Although the results obtained are acceptable, the adjustment parameters may not reflect the field conditions properly in many countries and does not represent any effects on driver behavior. This paper presents a new formula for saturation flow based on driver behavior and some vehicle characteristics. In this formula, mean length, headway and acceleration rates of vehicles, saturation speeds of intersection and mean reaction time of vehicles in a queue are considered.
Introduction
Saturation flow rate is defined as the flow rate per lane at which vehicles can pass through a signalized intersection in unit time [1] . It is one of the most important design parameter that is used in determining capacity of signalized intersections. It is also used for calculation of signal timing parameters in many countries.
The general descriptions of saturation flow presented in the Highway Capacity Manual (HCM), the Canadian Capacity Guide (CCG) for Signalized Intersections, and Australian Road Research Board special report on traffic signal capacity and timing analysis are more or less identical for similar close-to-ideal intersection conditions [2] . In conventional analytical approaches (HCM, CCG, Akcelik etc.) effects of physical conditions and parameters such as lane width, turning radius, bus blockage, left turn lane etc. are taken into consideration. However, many researches focus on development of saturation flow determination approaches regarding different parameters and traffic conditions [3, 4, 5, 6, 7] Effects of saturation headways on capacity for protected left turn phase are investigated by Xuon et al. [8] . Chen et al. considered saturation flow analysis of shared left-turn lane at signalized intersections in Japan [9] . The HCM and JSTE (Japan Society of Traffic Engineering) guideline is analyzed and overestimated results are obtained. Sun et al. investigated effect of rainy weather on saturation flow rate and start-up lost time of dual left lanes at signalized intersections and found about 21-33% decrease in start-up lost times and 3-7 % in saturation flows.
Shao et al. dealt with saturation flow rate and influencing factors in China [10] . Micro-simulation modelling approach for estimation of saturation flow at signalized intersections is considered by Hossain [11] .
Susilo and Solihin considered approach width and modified a saturation flow formula regarding field observations [12] . Lane types and effect of heterogeneous traffic flows are investigated by Shang et al. [13] .
It has been known that lane usage, lane capacity, vehicle time headway and driver behaviors are varied by countries [14] . Thus, many researchers focused on determination of saturation flows considering local conditions. Effect of lane width on saturation flow has also been considered by Shigenori et al. In this study, findings show that saturation flow value may be decreased if lane width is less than 3.00 m [15] . Joseph and Chang dealt with effects of user specifications on saturation flow [16] . Lin and Thomas considered determination of saturation flow by queue discharging [17] . Radhakrishnan and Mathew considered saturation flow model by HCM and stated that HCM model may be inaccurate for mixed traffic composition especially in case of higher rate of heavy vehicles. They recommended Passenger Car Unit (PCU) value based approach to remove deficiencies [18] . Hadiuzzaman also considered effect of traffic composition on saturation flow, recommended PCU values for saturation flow and developed some delay models [19] . Turning flows on red signal are considered by Stewart and Hodgson. A regression analysis resulted in the production of a simple equation for estimating right turn on red saturation flow rates. It is found that the headway acceptance behavior of drivers varied both spatially and temporally [20] . Rahman et al. used Analysis of Variance (ANOVA) approach for vehicle time headways in determination of saturation flows at signalized intersections [21] . L. L. Vien et al. developed a formula for determination of saturation flow considering passenger car equivalent value of traffic flows. The formula is tested with field studies [22] .
As summarized above, many researchers have been focused on effective parameters of saturation flow and calibration of formulas. The existing approaches (i.e. HCM, CCG, ARRB etc) are insufficient because of the selected parameters, although it is intended to improve a model that can be generalized using them. The parameters used reflect only traffic conditions and geometric conditions. But it is known that driver behaviors and vehicle characteristics have considerable effects on saturation flow.
The main aim of this study is to define a new perspective for saturation flows at signalized intersections regarding different parameters. In this study, the parameters including driver behaviors (such as following headways, saturation flow speeds, reaction time, etc) are taken into consideration. A new formula including the selected characteristics is developed and tested. Moreover, the effects of the parameters on saturation flow are investigated regarding previous studies. Results of these investigations are also reported in related sections of this work.
This study is organized as follows; the saturation flow phenomenon is introduced in the next section. The new formula for saturation flow and the model structure are explained in the following section. After that, details of the method, case studies and influencing factors are given respectively. The results obtained from the research findings are summarized in the conclusion.
Saturation flow
Saturation flow is dependent to many variables such as intersection geometry, vehicle type, traffic conditions, driver behaviour etc. It can also be changed by time of day and location. Thus, the assignment of the correct rate is a major and difficult task for many researchers. In HCM, the following equation is suggested for saturation flows.
where S = saturation flow rate for subject lane group, expressed as a total for all lanes in lane group (veh/h), S 0 = base saturation flow rate per lane (pc/h/ln); N = number of lanes in lane group; f w = adjustment factor for lane width; f HV = adjustment factor for heavy vehicles in traffic stream; f g = adjustment factor for approach grade; f p = adjustment factor for existence of a parking lane and parking activity adjacent to lane group; f bb = adjustment factor for blocking effect of local buses that stop within intersection area; f a = adjustment factor for area type; f LU = adjustment factor for lane utilization; f LT = adjustment factor for left turns in lane group; f RT = adjustment factor for right turns in lane group; f Lpb = pedestrian adjustment factor for left-turn movements; and f Rpb = pedestrian-bicycle adjustment factor for right-turn movements for determining saturation flow. In this procedure, it is difficult to determine the proper adjustment factor which will be used in the calculations. For that reason, traffic engineers usually prefer direct measurement of saturation flow in the field.
The saturation flow rate is the maximum discharge rate during the green time. It is usually achieved after about 10 to 14 seconds of green time, which corresponds to passing time of the front axle of the fourth to sixth passenger car crossing the stop line after the beginning of green [1] . The headway measurements are taken cycle by cycle. In the headway measurement based approach, the saturation flow rate is determined by observations in the field and the following formula is used. Period. Polytech. Civ. Eng., 63(1), pp. 296-307, 2019
where; h s is the average headway of vehicles (sec) after the fourth passenger car. In the Canadian case, all surveyed vehicles are converted to pcu before processing of the data. Details are defined in the Canadian Capacity Guide. For practical use, a relationship for determination of saturation flow is defined between the Canadian Capacity Guide (CCG) and the Highway Capacity Manual (HCM). The 2000 Highway Capacity Manual defines the time reference for saturation flow surveys as the front axle passing over the stop line [1] . Moreover, the measurement starts with the time of entry of the fourth vehicle in the queue. The definitions of the effective green interval and lost time in the CCG and in the HCM also differ. As a result, the saturation flow and the effective green interval determined by the HCM method is higher than its corresponding value measured by the procedure described in the CCG [2] . The computational techniques in each document are consistent in the application of the respective definition, but the measured values are therefore not directly transferable between both documents. An approximate regression relationship between both saturation flow types in typical conditions has been determined in the CCG. This relation is defined in the following:
where: S HCM = approximate value of the saturation flow corresponding to the HCM method (veh/h). The vehicles in this case are passenger cars only.
S CCG = saturation flow measured or calculated using the methods described in this guide (pcu/h).
Many researchers suggest different procedures for determining saturation flow and some of them are summarized in Table 1 .
Some of the saturation flows determined with these studies obtained from literature are listed in Table 2 . Table 2 reveals that saturation flow varies from a country to the others. One of the main reasons of this variation is related to driver behaviour and traffic conditions. For the case of India, there are some motorcycles, cycles and pedestrians in the traffic stream. Drivers should adopt these units and should also ride slowly. Thus the saturation flow rates are lower in India than other countries. Similar findings and comments can be gathered from literature. Saturation flow rate is also used to determine capacity. The capacity of signalized intersection is defined as;
where; C = capacity in vehicles per hour; g = effective green time in seconds; c = cycle time in seconds and S = saturation flow in vehicles per hour.
As seen on the equation, capacity is directly affected by saturation flow value. Inaccurate or random assignment of saturation flow value leads to erroneous capacity calculations. Therefore, all traffic operations can be affected by this calculation.
The model
At a signalized intersection vehicles are queued up during the red signal time. In the model, it is assumed that the queue will never end. By the change of the light from red to amber and green, the vehicles will move with a reaction time. The reaction times are assumed to be the same for all of the vehicles.
Definitions of the parameters used in the model are listed in Table 3 . In the formula, for compatibility to the literature the symbols are taken from [35] . All of the quantities are considered as an average values in the proposed formula.
The total effective time in one-hour period is expressed as T. The vehicles that can pass from the intersection line in one hour time period n, (meanwhile the saturation flow) will all begin to move after a reaction time which is expressed in t x .
nt T x + =3600 (11)
The distance that the first vehicle in the queue will move in the effective time, T can be found. That is L TX ;
In practice the first vehicle will accelerate to the saturation speed of the intersection, and then pass the intersection with saturation speed after it would accelerate or decelerate according to traffic conditions. For the model it is assumed that as the first vehicle will move at mean intersection speed in effective time, T.
The number of the (
It is important to note that (
If Eq. (13) is re-arranged and substituted into Eq. (11) for T, the following expressions can be obtained. 
Density (k) is the number of vehicles within a set on a part of road measured in an instant time. At the same time, it could be expressed as the reciprocal of the distance headway of two sequential vehicles. The observations are generally performed in the distance of 1km or 1000 m.
Flow (q) is the number of the vehicles passing a point on the road in unit time. It could be found by multiplying speed and density.
where n a is the number of the vehicles observed, L a is the length of the observed road section in km, as described before 
In ideal freeway conditions; a a = 0 no acceleration, no deceleration; t a = 0 no acceleration time, no deceleration time; t x = 0 the movement is continuous, no reaction;
v t is in km/h in Eq. (22) and V s is in m/sec in Eq. (23) . Equation (23) shows a simplified equation used to calculate saturation flow value. Saturation flow value may be determined (more accurately) using the mean length, mean headway and saturation speed of vehicles.
In Eq. (23), the main reason of the usage of distance headway instead of time gap is to take accounts the traffic composition directly in the model. The saturation flow value is changed based on the traffic composition. These effects are considered in different ways by the conventional methods. In HCM, heavy vehicle factor (fHV) is regarded for traffic composition. The rates of heavy vehicles are used for adjustment in this approach. Although this approach gives some reasonable results, it does not reflect the real case. But in the proposed approach, the length of the vehicles and distance headways are directly considered for saturation flow. Thus, there is no need to determine any rate of heavy vehicles for saturation flow; it may be obtained directly by this way. On the other hand, to obtain saturation flow value more precisely, observations about the vehicle headways (either time gap or distance) are required. Both time gaps and distance headways are not constant; those values are changed based on the traffic conditions and driver behaviors. In the paper submitted, it is tried to regard another point of view. Therefore distance headway is used instead of time gap.
As presented in the Table 1 , previous approaches include many parameters that require calibration before usage. On the other hand, the following conditions should be valid in the field for an accurate measurement:
• Not many heavy vehicles in traffic • Adequate vehicle queue length for the cycle • Adequate reaction times of drivers These conditions cannot be met in every time and the saturation flow obtained (by previous approaches) in the field can be approximate. Therefore this study is employed.
Field studies 4.1 Data collection
Two types of data sets were used in the study. The first data set was obtained from observations at two intersections located in Izmir, Turkey. A signalized intersection with four legs was observed. The traffic flows at peak hours was recorded by a camera. Then the records were analyzed to obtain the data needed. In the analysis, the data including mean length, headway and acceleration rate of vehicles, saturation speeds of intersection and mean reaction time of vehicles in queue were obtained. 
Fig. 2 The observed intersection in Izmir
The data were obtained manually from the observations. Although measurements of the parameters mentioned in the new formula seem to be complicated, it could be simpler by new technologies and methods. It can be collected by using a number of new technologies. Use of loop detectors and video cameras (with image processing algorithms) can be helpful in data collection. Vehicle classification (length) and speeds can easily be measured by many types of loop detectors and also video cameras [1] . Additionally, acceleration rates and average reaction times of vehicles can also be measured by these ways. Therefore use of video cameras and loop detectors (if required) could simplify the procedure for practitioners.
Validation search
The saturation flow values that are determined by the New Formula are compared with the HCM method, CCG method and the field observations. The results are presented in Table 4 and Fig. 3 .
As seen from Fig 3, general trends of the methods are similar to observations. Results of the new formula are very closing to that of obtained by the headway method in field studies. Therefore, the proposed formula is confirmed by the field observations. However, the results obtained by the HCM and the CCG methods have some differences. The main reason of this difference is the difficulty in assigning correct adjustment factor, especially when lane characters and human behaviours are not homogenous like the intersection observed in this study.
It could be seen from Table 4 that the data L v , L sj , t a and t x used for Eq. (17), are rounded. Determining these characteristics accurately is quite difficult with video records. Some analyses and pre assumptions are made to determine these characteristics. However, for exact determinations more technological systems, like loop detectors, computers and some software are required.
Although initial results are promising, they are not adequate for confirming the new approach. Therefore, the literature is researched to find more data that could be used for confirmation. In the second stage of validation search, the data obtained from the literature are used. The data were collected from a signalized intersection at Melbourne, Australia by Akcelik [35] . The data obtained include the parameters considered in the new formula and Table 5 .
To evaluate the validation of the new formula, the measured and the calculated saturation flow values are compared. Differences of measured saturation flows and the calculated ones are determined and presented in column 10 of Table 5 . Comparisons show that the differences are very small and negligible. Therefore, the new formula may be regarded as an alternative approach for estimation of saturation flows at signalized intersections.
Discussion on the model parameters
The model parameters and effects on saturation flow are discussed in this section. In the proposed formula, six parameters are considered. Some of these parameters have a (direct or indirect) relation with physical and geometric conditions of field. In Table 6 , parameters of the new formula and related physical and other factors are summarized. Physical factors are depicted as (p) in the table.
As seen in the table, three parameters of the new formula as mean headway of the vehicles (L sj ), mean acceleration rate of the vehicles (a a ) and saturation speed of the intersection (V s ) are affected by certain physical conditions of intersections. Approach grade and geometric conditions of intersections are the main factors that can be effective on the parameters.
Reaction time (t x )
Reaction time (t x ) is one of the main parameters that has a significant effect on saturation flows. At a signalized intersection, the first vehicle in the queue begins to move after a reaction time t r to the change of traffic signal from red to amber and green. The other vehicles in the queue follow each other after a reaction time t x for the movement of the front vehicle. In practice t r and t x can be taken equal. It could be derived by dividing the time passes from the change of light by the number of the vehicles.
Here T n is the time that the nth vehicle would begin to move from the changing of signal lights. With this method more than 200 observations were performed in Izmir, Turkey and t x values were measured between 0.7 to 2 seconds. In Table 5 the minimum t x is 0.77s and the maximum t x is 1.35 s and the mean t x is 1.05 s. In Figure 4 , the reaction time versus saturation flow relationship is illustrated for practically observed and non-observed smaller values. Here the required data are given in respectively; a a = 1.67m/sec, t a = 5 sec, V s = 8.33 m/sec (30 km/hour), L sj = 2.00 m and L v = 4.40 m.
Saturation speed of the intersection in m/sec (V s )
The saturation speed is another important parameter in determining saturation flows. It can be determined either automatically (detectors, counters, etc) or manually by the time that a vehicle passes between selected two points.
In the field, minimum, maximum and mean saturation speed values are measured as 21.70 km/h, 52.80 km/h and 37.49 km/h, respectively. In some observations that are performed at 20 signalized intersections saturation speeds encountered are varied from 15 to 45 km/hours. Based on the observations it can be expressed that saturation speed depends on mostly; the intersection geometry, density, traffic condition, lane width, signal timing and vehicle properties.
Determining the interaction of saturation flow with saturation speed in the proposed formula is not so simple. To handle this problem some assumption were made. With the change of the saturation speed, time to reach saturation speed (t a ) and acceleration rate (a a ) will change. To determine the effect of speed pre assumptions for the values of ta and aa are made and it is expressed in Table 7 . Relationship between saturation speeds and saturation flows are depicted in Fig. 5 . However acceleration rate and acceleration time change with the saturation speed and it must be outlined that saturation flow rates are not directly affected by acceleration time.
The relationship depicted on Fig. 5 is based on the data given in Table 7 . These data (Table 7) are obtained by some assumptions. Therefore, some limited traffic conditions (state) are only represented in Fig. 5 . It cannot be generalized for all traffic conditions (saturated, unsaturated and mixed traffic state). More data and detailed observations are needed to generalize and expand this figure.
Vehicle length (L v ) and headway (L sj )
Saturation flow is directly affected by vehicle lengths and vehicle headway. It must be noted that although saturation flow is represented by the number of vehicles passing in one hour (veh/h), the formula proposed here uses the number of the mean vehicle length in one hour. In the past, various approaches have been adapted for estimation of Passenger Car Unit (PCU) or Passenger Car Equivalent (PCE) values of vehicles (Akcelik et al.) .
In the case of car dominated traffic composition, like city centers, this approach might be convenient. Otherwise PCE conversion approach always has some disadvantages. In the literature many studies were achieved for determining the effect of heavy vehicles. Many reduction coefficients are proposed for regarding their effect on saturation flow. But the properties that are changing with vehicle length or vehicle type like speed, acceleration, reaction time are also taken into account in Eq. (17) . So, there is no need to use PCE's or any other reduction coefficients in the proposed formula.
Determining the mean length of the vehicle is a problem in saturation flow estimation. For example, Akçelik used 4.40 m mean length for cars in Australia [35] . In Turkey, mean car length is observed above 4 meters. However in Malaysia researchers suggest different vehicle lengths based on vehicle type [36] .
Vehicle headway is considered as the distance between the rear bumper of the front vehicle and the front bumper of the following vehicle in meters. Determining average headway is another difficulty in saturation flow phenomenon. In jammed traffic vehicles move bumper to bumper. In this case the headway might be smaller than 1 m. But when traffic conditions improve headways become larger.
To illustrate the effects of vehicle length and headway, the following presumptions are made; V s = 30 km/h, t x = 1.00 s., a a = 1.60 m/s, t a = 5.2 s., and for mean length L sj = 2.00 m., for mean headway L v = 4.40 m. Fig. 6 shows the relations of saturation flow, mean vehicle length and mean vehicle headway.
Acceleration rate (a a ), Acceleration time (t a )
Acceleration rate and acceleration time are primarily dependent on saturation speed. Increase of the saturation speed can cause a decrease in the acceleration rate. At the same time the acceleration time would be longer. In the field observations in Izmir, an average acceleration rate of 1.3 m/s and acceleration time of 5s are obtained.
Traffic composition (vehicle length), saturation speed (V s ) and reaction time (t r )
Effects of traffic composition, saturation speed and reaction time are also investigated in the study. Three types of vehicles are taken into consideration as A, B and C. These classifications have been made regarding vehicle lengths. In addition to vehicle lengths, saturation speeds and reaction times of vehicles are used in determination of saturation flow values. The parameters used in the calculations are given in Table 8 .
The relationships of these parameters are investigated and the results obtained are indicated in (Fig 7) for reaction times and saturation flow values. 
Conclusions
This study attempts to introduce a new perspective for estimation of saturation flow that is one of the fundamental parameters used for defining level of service, determination of signal timings and other traffic operations. The new approach summarizes the effects of human factors and vehicle characteristics on saturation flow. In the proposed formula, mean length, headway and acceleration rate of vehicles, saturation speeds of intersection and mean reaction time of vehicles in a queue are considered. The formula is tested with field data and compared to the values obtained by the HCM and the CCG approach. The comparisons show that, the results of the new formula very close to that of provided by the conventional headway observation methods and it is inferred that there is not any significant difference between the new formula and field observations.
The parameters considered in the proposed formula are also evaluated and some critical findings are reported in the following:
• Reaction time is the major factor in saturation flow. Although practically reaction times do not fall below 0.8s, if we could decrease this value with new technologies saturation flow would be over than 3000 veh/h.
• The results show that reaction time can be used as 0.85 seconds for an intersection that has ideal geometric conditions otherwise it can be used as 1.25 seconds.
• Saturation speed is one of the main parameters in saturation flow. In practical traffic conditions saturation flow is obtained as 1419 veh/h for the value of 20 km/h saturation speed while it is 2170 veh/h for 40 km/h. • Vehicle length is also an important factor for saturation flow. A traffic composition with longer vehicles would cause smaller saturation flows and low capacity. In practice, average vehicle length varies from 4.00 to 4.57 meters in different countries. If the average vehicle length can be decreased to a value of 3.60 meters saturation flow could easily rise about 10 %.
• Mean vehicle headway is generally accepted about 2.00 meters. If it can be reduced as about 1.00 meter, saturation flow would rise about 5 %. The major advantage of new approach is to determine saturation flow accurately with a basic speed measurement in known traffic composition using Eq (23).
These results indicate that with the increase of the ratio of smaller vehicles in the traffic would cause an increase in capacity of intersections. For future works, to generalize the results obtained in this study much more observations including different traffic conditions should be made in the field.
